The physical properties of metals change when their dimensions are reduced to the nano-scale and new phenomena such as the localized surface-plasmon resonance (LSPR) appear. This collective electronic excitation can be tuned over a large spectral range by adapting the material, size and shape. The existing literature is as rich as it is controversial-for example, size-dependent spectral shifts of the LSPR in small metal nanoparticles, induced by quantum effects, are reported to the red, to the blue or entirely absent. Here we report how complementary experiments on size-selected small silver nanoparticles embedded in silica can yield inconsistent results on the same system: whereas optical absorption shows no size effect in the range between only a few atoms and ~10 nm, a clear spectral shift is observed in single-particle electron spectroscopy. Our quantitative interpretation, based on a mixed classical/quantum model, resolves the apparent contradictions, not only within our experimental data, but also in the literature. Our comprehensive model describes how the local environment is the crucial parameter controlling the manifestation or absence of quantum size effects.
A n in-depth understanding of the electronic structure and of the optical properties of metal nanoparticles (NPs) is not only an extremely fruitful playground for the development of quantum theories for metal nanostructures and strongly correlated systems 1 , but of fundamental importance for applications: for example, in catalysis 2 , imaging 3 or biosensing 4 . Although investigated and discussed for several decades 5 , the question of size-dependent plasmonic resonances in NPs has regained new interest recently with the introduction of improved experimental techniques allowing for single-particle experiments [6] [7] [8] . Here the inhomogeneous line broadening, omnipresent in older works, is circumvented and the plasmonic response can be directly correlated to the size and shape. One particularly powerful technique is electron energyloss spectroscopy in a scanning transmission electron microscope (STEM-EELS), which has shown impressive success 9, 10 , as it allows mapping spatial and spectral variations of different plasmon types with sub-10 nm spatial resolution [11] [12] [13] [14] . In the case of relatively large (> 10 nm) NPs, strong experimental and theoretical evidence shows that STEM-EELS is an almost perfect nanoscale counterpart of optical extinction spectroscopies 15 .
Only recently has STEM-EELS pushed the accessible size range below 10 nm, where quantum effects make the optical response much more complex, even for the simplest geometry of the sphere. These considerable advances have led to an experimental determination of a strong blue shift of the LSPR with decreasing size for silver NPs fabricated by wet-chemical methods and deposited on a substrate 16, 17 . Here the so-called quantum plasmon resonances were interpreted using semiclassical models. This interpretation remains, however, highly controversial 18 , as several fundamental aspects such as electronic spill-out or the influence of the substrate are not taken into account and the obvious contradiction with literature results is not discussed [19] [20] [21] [22] . Furthermore, the equivalence between electronic and optical observables was only implicitly assumed in such small particles, but never derived. In summary, the existing literature on size-dependent plasmonic properties of small metal particles shows large discrepancies and a strong need for clarification.
The first aim of this contribution is to define the open questions in the interpretation of the size-dependent shift of the LSPR in small silver NPs. Based on new, complementary experimental data we then discuss experimental considerations, propose a comprehensive interpretation, and give an adequate quantitative theoretical description. On this basis, the above-mentioned contradictions in the literature are briefly discussed. This Article focuses on localized surface plasmons and does not discuss the-likewise observablevolume plasmons.
Statement of the problem
In recent work on the theoretical description of the plasmonic response of metal nanoclusters as measured by STEM-EELS 16, 17, [23] [24] [25] , the electronic spill-out has been neglected, although it has long been known to be crucially important 26 . The hard boundary box models must always predict a systematic blue shift of the LSPR, which is inconsistent with the red shift reported for simple systems such as alkali clusters [22] [23] [24] [25] [26] [27] , and consequently cannot account for more complex systems such as noble metals. Research in cluster physics since the 1990s has described in particular the balance between the effects induced respectively by the electron spill-out (leading to a red shift) and the reduced screening of d electrons near the surface (resulting in a blue shift). This trade-off can in principle be implemented in different types of models: addition of spill-out to a hydrodynamic model 28 ; a purely top-down model 29 , which profits from simplicity and lightness but suffers from simplistic ad-hoc approximations; or a more sophisticated model ensuring self-consistency of the electronic description 26, 30, 31 . We will use a theoretical description of the third type in this article, including a phenomenological, but appropriate, description of the dielectric environment.
Furthermore, the interaction between the particles and their environment plays a crucial role, as reflected by the seemingly contradictory size dependencies of the Ag LSPR [16] [17] [18] [19] [20] [21] [22] [32] [33] [34] [35] [36] . In the gas phase, an excellent agreement between theory and experiment can be obtained, but STEM-EELS, despite all its strength, requires supporting or embedding the particles. Although most of the recent STEM-EELS publications entirely neglected the support, first attempts to include substrate and matrix effects have been made 29, 37 , but the approximations remain significant. In chemically stabilized NPs, not only is the electronic structure of the metal core strongly altered by the localized bonds, but the radiolytic degradation of the ligand shell can lead to a significant shift of the plasmon resonance 38 , making even a qualitative size dependence difficult to detect. Given the fact that optical absorption results have been soundly established for several decades, a unifying approach, where a unique system is investigated experimentally and theoretically by optical and electronic spectroscopy, is clearly desirable.
Our approach to overcome the experimental challenges is to use physically prepared, size-selected, pure silver particles and to embed them in a homogeneous silica matrix. Our goal is then to compare single-particle STEM-EELS measurements to ensemble-averaged optical spectroscopy experiments of the same system. The comparability of the results from the two experimental methods is verified (see Supplementary Section 2.2) and our findings are interpreted in the framework of a theoretical model taking into account all relevant classical and quantum effects of both the electronic density in the particle and its environment, as well as of the electric field excitation, on a self-consistent level. The only difference between the samples studied experimentally is their thickness of ~1 µ m for optical spectroscopy and ~30 nm for electronic spectroscopy.
Experiment
Optical spectroscopy. We have performed optical absorption spectroscopy on ensembles of silica-embedded, physically prepared silver NPs. To avoid a possible masking of size effects by the largediameter tail of the size distribution, we size-selected the NPs before deposition with a quadrupole mass spectrometer. We have extended the size range for Ag NPs embedded in silica down to less than 1 nm diameter, deep into the regime where quantum size effects are expected 39, 40 . All but the smallest clusters exhibit a strong absorption band centred at 2.95 eV, practically independent of size, as shown in Fig. 1 . We have thoroughly verified that the observed absorption does not stem from larger particles generated by coalescence on the substrate (see Supplementary Section 1.1). For clusters below 100 atoms, an additional peak at 3.75 eV is visible, which we attribute to atoms from cluster fragmentation on deposition. A comparable signal has been identified as the envelope of the atomic doublet 5sS 1/2 -5pP 1/2 and 5sS 1/2 -5pP 3/2 at 3.665 and 3.780 eV, respectively 41 . We furthermore notice the absence of additional peaks between 3 and 4 eV, as previously observed for very small Ag clusters in rare gas matrices 40 and in photosensitive glasses in the very early stage of silver precipitation 32 . We assume these ultra-small clusters to react with the oxide environment and thus do not show an oscillator strength concentrated in a narrow spectral range.
By combining these results with earlier ones 20, 21 , we can conclude that in the whole range between 1 and 5 nm diameter (corresponding to a range from ~20 to ~3600 atoms) no significant shift of the optical absorption peak for silica-embedded silver NPs occurs. This absence of size effects is consistent with earlier results on larger particles in different glassy matrices 25, 32, 42 , but in stark contrast to the observed shift of ≥ 0.3 eV for gas phase and supported NPs [16] [17] [18] [19] 31, [33] [34] [35] . Electron spectroscopy. Single-particle STEM-EELS experiments were conducted over a large size range on thin samples fabricated under identical conditions as those for optical spectroscopy. Figure 2 shows typical images of Ag NPs of 6.5 and 2.0 nm diameter in silica and the corresponding EEL spectra. Clearly visible are the strong dipolar surface-plasmon peak at the particle surface as well as blue shifts between the spectra and with respect to optical spectroscopy.
A closer look at our data, however, reveals a more complex situation. The majority of NPs do not exhibit a LSPR at the beginning of each experiment. They are surrounded by a diffuse layer (see Fig. 3 ) which can be attributed to silver oxide 43, 44 . Upon continuous electron irradiation, this diffuse layer disappears due to knock-on collisions. In these inelastic collisions, momentum is transferred from the swift electron to a single atom, which can then, depending on the momentum transferred, be displaced from its initial position. As the atomic velocity resulting from momentum transfer is higher for light atoms, these are preferentially removed from the sample. Initially, the (at least partially) oxidized silver NPs do not exhibit a LSPR 21, 43 and only after beam-induced reduction does the LSPR peak appear and rise with integral electron dose. During continuing observation of individual particles, the LSPR peak also blue-shifts, as shown in Fig. 3 . Even at lowest reasonable dose this electron beam damage of the sample is unavoidable. Note that this spectral shift is related to a different form of radiation damage as compared to radiolysis, where chemical bonds are broken 38 . Optical absorption spectra for silver NPs of varying size, embedded in silica matrices. The topmost, blue curve is for a non-mass-selected ensemble centred on a diameter of 〈 d〉 = 2.7 nm, the other curves are for mass-selected distributions. The minimal and maximal number of atoms per particle transmitted through the mass spectrometer and the corresponding diameters are indicated. The broad signal around 2 eV for the smallest size is an artefact due to imperfect correction of Fabry-Pérot interference between the two interfaces of the silica matrix.
Optical absorption of Ag
The atomic peak at 3.75 eV for small sizes is attributed to fragmentation upon deposition. a.u., arbitrary units.
The values for the dose-dependent peak position, obtained as a function of size, are depicted in Fig. 4 . The data for large diameters scatter around the classical value of 3 eV, but for smaller sizes shifted values of up to ~3.6 eV are observed. Our data are consistently redshifted with respect to previous results 16, 17 , which is explained by the homogeneous high-index environment. But the evolution of the size-dependent spectral position of the LSPR seems to be contradictory between optical and electronic spectroscopy.
Theoretical description
We resolve this apparent contradiction between optical and electronic spectroscopy and offer a comprehensive framework for the comparison with the existing literature data based on several theoretical descriptions, detailed in the Supplementary Information. These comprise notably: mixed classical/quantum calculations for optical spectroscopy 45, 46 accounting for all relevant contributions to the size dependence of the LSPR in a self-consistent description; the modelling of the electron energy loss for the case of a homogeneous spherical particle; and the proportionality between the spectral responses obtained by optical and EEL spectroscopy in spherically symmetric systems, thereby assuring the validity of the cross-comparison between the two experimental and the two theoretical approaches. In particular, if Γ EELS (ω) is the EELS probability for an electron close to the surface of a sphere of radius R embedded in a medium of dielectric constant ε m and σ abs opt (ω) the optical absorption cross-section, then (see Supplementary Equation 2.1.28):
This extends the pure classical result 9 to quantum limits and legitimizes the discussion of both optical and electron spectroscopies on the same footing. In other words, the contradictions stated in the literature 18 and found in our measurements are not due to the different experimental methods but must be attributed to other effects, notably different particle environments.
In the following we discuss results from the semi-quantal calculations of the optical properties. Briefly, we calculate the imaginary part of the dynamic polarizability of a silica-embedded Ag Fig. 3 | Electron-beam-induced interface reduction. a, STEM-HAADF images of a 7.2 nm silver particle embedded in silica at low and high electron doses. A diffuse layer related to silver oxide is visible at a low electron dose and disappears at a higher electron dose. The diameter of the particle remains unchanged. b, Surface plasmon evolution with the electron dose. The curves have been shifted along the y axis for clarity. The contributions of the zero-loss peak and other background contributions to the EEL spectra are shown as dashed lines. Supplementary Fig. 1.7) .
NP by describing the external excitation with all (classical) effects of interface polarization, and the electronic response of the metal particle through a quantum mechanical, non-local electronic susceptibility. The calculations are based on density-functional theory (DFT) for computing the ground state and on the time-dependent local-density-approximation formalism (TDLDA) for calculating the optical response. Our model includes phenomenologically (but self-consistently) the absorption/screening properties of the ionic core background (effects related to the bulk interband-transition contribution) and the polarization/screening properties of the surrounding transparent matrix. In particular, the model describes self-consistently the interplay between the optical excitations and induced fields in the various media.
The conduction electrons of the metal particle, corresponding to the bulk s-p band, responsible for the collective surface-plasmon excitation and responsible for most of the (quantum) finite-size effects, are quantum mechanically treated, whereas the ionic background is phenomenologically described by a step-walled homogeneous spherical positively charged distribution (jellium). We furthermore describe the optical properties of the more localized d electrons through an additional homogeneous polarizable/absorbing dielectric medium characterized by a frequency-dependent complex dielectric function ε ib (ω) and extending up to R 1 = R -d, where d is the skin thickness of ineffective ion polarizability 26, 30, 39 . Previous studies have shown that in experimental samples the NP-matrix interface is sometimes not perfectly homogeneous and that a local porosity has to be taken into account 22, 30 . We mimic this locally reduced effective dielectric constant by an additional layer of thickness d m and vacuum permittivity at the metal-matrix interface (see Figure 5 and Supplementary Section 2.3). Although this local porosity correction is not needed to explain the data from optical spectroscopy presented here, we will use it for the interpretation of the dose-dependent spectral shift obtained in STEM-EELS. The geometry of concentric shells used in the calculations is depicted in Fig. 5 .
Our self-consistent model accounts for all important contributions: (1) the electronic spill-out, that is, the extension of electron density beyond the particle radius in a non-infinite potential well; (2) the silver surface layer of ineffective ion-core polarizability of thickness d; (3) the surrounding dielectric matrix, including a possible local porosity; and (4) all the relevant finite-size quantum effects, in particular the non-locality of the electronic response.
Discussion
The maxima of the calculated optical absorption spectra for free and silica-embedded Ag NPs as a function of the inverse radius R are shown in Fig. 5 , together with experimental data. Although the first contribution, from electronic spill-out, results in a red shift of the LSPR with decreasing size, in agreement with experimental observations for simple metals such as alkalis 22 (black squares, calculated for Ag particles with d = 0), the second contribution, of the layer of reduced polarizability, can overcompensate the first, yielding for example an effective blue shift in gas phase Ag NPs 19 (red squares). The spectral position of the LSPR results thus from a delicate balance between two counteracting quantum size effects. Here we used a fixed value of d = 3.5 bohr (1.8 Å) 30 . The expected 1/R dependence, reflecting the surface/volume ratio of the contributing effects 47, 48 , is observed for both curves. Obviously, for very small sizes a jelliumtype description of the ionic background is too simplistic for reliable quantitative predictions and the exact atomic structure needs to be taken into account. We nevertheless plot the obtained points to show the general evolution.
Embedding the NPs in silica not only red-shifts the LSPR due to the increased refractive index of the surrounding medium, but also changes the relative weight of the counteracting size-dependent shifts listed above. The effective quenching of the size effect thus obtained (solid magenta circles) is in good agreement with our data. Note that the presence of strongly peaked optical responses, even for very small diameters, and the observation of particle rotation under electron irradiation, even before damaging the matrix (see Supplementary Fig. 1.3) , are indications for the absence of localized, covalent bonds between metal and matrix. Both metal and matrix keep their intrinsic properties.
We thus have a theoretical description which correctly reproduces our optical experiments with all matrix-induced effects and we can now evaluate the influence of the electron-beam-induced damage through the parameter d m , describing the local porosity. Even though the local morphologies of the samples for optical and electronic experiments are initially identical, the difference in thickness changes the protection against oxidation and the responses to irradiation are not the same. We demonstrate that these effects, which could be expected to be minor, in fact dominate the spectral responses. Thick silica layers efficiently protect the embedded NPs against degradation and the optical response is stable in ambient conditions over at least days. The optical experiments thus reflect averaged ensemble responses of metallic NPs in intact silica matrices down to sizes below 1 nm diameter (~20 atoms).
For the thin silica layers used in STEM-EELS, the short time of exposure to air between fabrication and experiment is sufficient to allow for diffusion of air or humidity into the silica network and (partial) NP oxidation 21 . Consequently, most of the particles do not exhibit a clear plasmon resonance at the start of the EELS measurements. Under energetic electron irradiation, atoms are ejected out of their position by knock-on collisions. Preferably light atoms are displaced-that is, atoms from the matrix and from additional oxygen at the particle interface. Rapidly the interface is cleaned of oxygen and the plasmon peak appears in the EELS spectrum. Throughout the ongoing observation, more and more matrix atoms are removed and the local porosity at the interface increases with time. As the effective index of the matrix ε m decreases towards 1, the LSPR shifts to higher energies. The trend observed in the experiment is reproduced in our calculations, as shown in Fig. 6a,b . This effect is stronger for smaller particles as their plasmon energy is more sensitive to the porosity, as demonstrated in our model calculations. Eventually, for higher electron doses, metal atoms can also be removed and the size of the NPs decreases under the beam. For the sake of simplicity, these particles have been excluded from our consideration, although they follow the same trend. Note that the largest particles investigated at small doses have LSPR energies lower than expected, a shift that can quantitatively be explained by partial oxidation (see Fig. 4 and Supplementary Section 2.4).
Our theoretical model provides the quantitative and consistent interpretation of the plasmonic response of both free and embedded silver NPs, even under conditions where the electron beam alters the NP environment (see Figure 6c) . All LSPR energies lie between the calculated limits of the free and the silica-embedded cases, and the high-dose values agree with pure Ag in the highly porous matrix. Based on this explanation, we can now also explain the size-dependent spectral shift observed in several experiments of supported silver NPs 16, 17, 20, 34, 35 . These particles are not entirely surrounded by the high-index matrix but only partially, their environment is intermediate between gas phase and embedding medium. Consequently, the influence of the reduced d-electron screening prevails and the LSPR blue-shifts with decreasing size, although to a lesser extent than for free particles. For a quantitative comparison, several aspects have to be implemented in a theoretical description, notably the dielectric properties of the support, non-trivial because of the anisotropic distribution of electric fields. Additionally, we expect variations in local environment, possibly also electronbeam-induced, to strongly contribute to the mean LSPR energies as well as to their dispersion.
In conclusion, our semi-quantal theoretical model allows apparent contradictions to be resolved between optical and electronic spectroscopy results of silica-embedded silver NPs, and with literature results in general. The energy of the surface-plasmon resonance, and thus the presence or absence of a size-dependent spectral shift, is determined by a delicate balance between competing quantum size effects. The model quantitatively describes how this trade-off is dominated by interface effects between metal and matrix. We show that the interface is altered by the electrons in our STEM experiment and how this change of local environment induces a blue shift of the surface plasmon with respect to the values obtained in optical spectroscopy. Great care has to be taken in the interpretation of experimental STEM-EELS results in order to separate intrinsic from artificially induced size effects. We stress that small silver NPs do show intrinsic size effects, but that these are often masked by environmental influences. Despite the unquestionable force of singleparticle experiments, we judge it indispensable to cross-check such experiments with complementary methods such as optical spectroscopy. Moreover, we emphasize the importance of implementing all relevant contributions in the theoretical description of quantumplasmonic systems, as is demonstrated in this Article. This work paves the way for rigorous studies of different effects such as volume plasmons and of different systems such as nanoalloys. 
Online content

Methods
Sample fabrication and optical spectroscopy. Bare silver NPs were fabricated in the gas phase using two set-ups: a laser vaporization source (LVS) 50 for most of the STEM-EELS samples and a magnetron sputtering/gas aggregation source 51 for the optical spectroscopy samples and the samples for electron spectroscopy containing the smallest particles. In the LVS set-up the second harmonic of a nanosecond Nd 3+ :YAG pulsed laser is focused on the surface of a metallic target confined in a small chamber, generating atomic plasma in the presence of a continuous flow of helium gas. The atomic vapour is rapidly cooled down by collisions with the inert gas (static pressure of a few tens of millibar), inducing the nucleation and the growth of small metallic NPs. The particle/gas mixture expands into a high-vacuum chamber through a conical nozzle in the form of a supersonic beam towards a deposition chamber.
In the magnetron set-up, pure silver cluster ions are generated in the gas phase using a home-built magnetron cluster source (based on the principle introduced by Haberland et al.
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) and guided towards the deposition chamber. Time-of-flight mass spectrometry (TOF-MS) is used for in-situ characterization of the cluster ions in the gas phase and shows no trace of cluster oxidation or other complexes. Mass selection is achieved with a quadrupole mass spectrometer (QMS). The QMS is tuned to very low resolution in order to transmit a sufficient cluster current for sample fabrication.
The kinetic energy of the clusters is adjusted to below 0.5 eV per atom to ensure soft-landing conditions with minimal fragmentation 53 . The silica matrix is evaporated in a commercial electron beam evaporator and co-deposited simultaneously at room temperature on a suitable substrate: ultrathin carbon films for STEM or fused silica for optical experiments. The NP concentration is controlled and adjusted so as to avoid inter-particle interactions with typical loadings of < 1 vol.%. Samples were removed from vacuum after fabrication and measured after an exposure to ambient conditions between several minutes (optical spectroscopy) to hours or days (electron microscopy).
The absence of coalescence in the optical samples was verified with conventional TEM of grids prepared under identical conditions (see Supplementary Information 1.1) . Typical samples for STEM comprise a silica buffer of 5 nm followed by 10 nm of silica with embedded particles and a top protective layer of 10 nm. To obtain a sufficient optical density for conventional ultraviolet-visible absorption spectroscopy, silica films with embedded particles were typically between 1 and 2 µ m thick. Optical extinction spectroscopy was performed in a Perkin-Elmer Lambda 900 spectrophotometer. Linearly polarized light (TM) at the Brewster angle was used to minimize Fabry-Pérot interference between the two silica interfaces.
Electron microscopy and spectroscopy. EELS measurements were carried out using a NION USTEM 200 scanning transmission electron microscope fitted with a cold field emission gun and a homemade EELS detection system. Throughout this study, we used a 60 kV acceleration voltage. Typically, the electron probe current was set between 40 to 100 pA and the electron probe diameter was of the order of 1 Å. Data were acquired in the so-called spectral image mode. In this mode, EEL spectra and high-angle annular dark-field (HAADF) signals are acquired pixel by pixel. At the end of the spectral image acquisition we obtain a spectrum image (spim) and a HAADF image. Dwell times per pixel were typically 1-3 ms and the number of pixels was set to 50 × 50. The spectral dispersion was 0.011 eV per channel and the spectrometer entrance aperture diameter was set to be slightly smaller than the transmitted beam angular spread (17 mrad half angle). The spectral resolution, measured as the zero loss peak (ZLP) full-width at halfmaximum, was 0.27 eV. To study the evolution of the plasmon signal and particle morphology with electron dose, stacks of spectrum images (and their associated HAADF images) were taken. Before and after a stack acquisition a high-resolution HAADF image is taken to check, with a better spatial resolution, any change on the particle morphology or interface. As a post-processing treatment, all the spectrum images are spectrally aligned according to their ZLP maximum position using the open source software HyperSpy 1.0
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. No deconvolution process was performed.
Theory and modelling. The theoretical description and modelling are described in great detail in the Supplementary Information. First the electron energy loss for the case of a homogeneous spherical particle is calculated in Supplementary Section 2.1. Next, in Supplementary Section 2.2, we show the proportionality between this electronic and an optical response for the polarizability for any spherically symmetric system. The self-consistent semi-quantal model is detailed and results relevant for our interpretations are discussed in Supplementary Section 2.3. Finally, we describe the classical calculations for Ag@Ag x O core@shell NPs in Supplementary Section 2.4.
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